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TelluriteThe main objective of this work has been to prepare and characterize the thermal and structural properties of
glasses in the pseudo binary system TeO2–Pb(PO3)2 with respect to the composition. Homogeneous and trans-
parent glass samples were obtained by the melt-quenching method in a large glass forming range in the pseudo
binary system (100 − x)TeO2–xPb(PO3)2 with x varying from 5 to 100. Thermal properties investigated by DSC
pointed out an increase of the glass transition temperature from x = 5 to x = 40 and further decrease of Tg for
higher Pb(PO3)2 concentrations. A similar tendency has been observed for the thermal stability against devitriﬁ-
cationmeasured using the stability parameter Tx–Tg. FTIR together with Raman spectroscopies allowed building
a structural model for these glasses with the contribution of distinct phosphate and tellurite units depending on
the composition. Identiﬁcation of crystalline phases obtained after the glasses heat-treatments obtained by X-ray
diffraction support the structural evolution suggested by vibrational spectroscopies. These data suggest that in-
corporation of TeO2 in the leadmetaphosphate glass results in tellurium conversion from TeO4 seesaw geometry
to TeO3 trigonal pyramids and consequent conversion of well-knownmetaphosphate units Q2 tomodiﬁed pyro-
phosphate units Q21Te in which the phosphorus PO4 tetrahedron is linked to another PO4 unit and one TeO3 pyr-
amid. These tellurite trigonal units cross-link themodiﬁedmetaphosphate chains with a resulting increase of the
glass network connectivity. For high TeO2 concentrations, all Q
2 were converted to Q21Te and the additional tel-
lurium atoms are incorporated in the glass network as TeO4 seesaw units with a glass network built from a tridi-
mensional network of TeO3, TeO4 and Q21Te. Finally, this work pointed out the possibility to use this pseudo-
binary system for the preparation of phosphate glass-ceramics containing a TeO2 crystalline phase or tellurite
glass-ceramics containing a pyrophosphate or metaphosphate crystalline phase.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Tellurite glasses are intensively investigated among oxide glasses for
optical applications owing to their high chemical and thermal stability,
good hosts for rare earth or transitionmetal ions, high infrared transmit-
tance, high refractive indices and low phonon energies [1]. The high
polarizability of tellurium atoms also induces signiﬁcative non-linear op-
tical behaviors (non-linear optical absorption and non-linear refractive
index)which are applied for nonlinear optical devices such as optical lim-
iters, optical switching or opticalmemory storage [2–4]. Besides, relative-
ly low cut-off phonon energies (around 700 cm−1) related with lower
network vibrational frequencies results in lower non-radiative relaxation
processes of rare earth ions and more efﬁcient luminescent materialschnology, Campus de Poços de
Cidade Universitária, Poços de
12; fax: +55 35 36 97 46 00.
ier).
ghts reserved.interesting for optical ﬁber ampliﬁers, up-conversion lasers, sensors or
display monitors [5].
Despite the technological applications of glass-ceramics containing
size-controlled TeO2 crystals, suchmaterials are not reported in the liter-
ature, probably due to the difﬁculty of controlling volume crystallization
in TeO2-based glasses [6–8]. Only a few works reported tellurite glass-
ceramics with other oxide or halide crystalline phases [9–13]. A possible
approach for this purpose should be the investigation of binary glasses as-
sociating TeO2 with another glass former such as leadmetaphosphate. In
fact, phosphate compounds are not only good glass formers but are often
added in other glass compositions to stabilize the vitreous network,
owing to their well-established ability to be highly soluble in other com-
pounds through the formation of covalent chains.
Based on these considerations, the main objective of this work
has been to investigate the thermal and structural evolutions as
well as crystallization behavior of glasses in the pseudo-binary sys-
tem TeO2–Pb(PO3)2 in function of composition since glass samples
were obtained in the entire glass system.
Fig. 1. Raman spectrum of the product obtained from solid-state reaction between
(NH4)2HPO4 and PbO at 400 ºC.
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Glass samples were prepared in the pseudo-binary system
TeO2–Pb(PO3)2 according to compositions presented in Table 1. Lead
metaphosphate Pb(PO3)2 was ﬁrst prepared by solid state reaction of
lead oxide PbO with diammonium phosphate (NH4)2HPO4 at 400 °C for
12 hours. The resulting product was characterized by Raman spec-
troscopy andX-ray diffraction as presented in Figs. 1 and 2 respectively to
identify the formation of lead metaphosphate.
Starting powdersα-TeO2 and as-prepared Pb(PO3)2 were weighted,
mixed in an agate mortar and melted in a gold crucible at 800 °C for
15 min. Finally the melt was cooled in a brass mold preheated 20 °C
below the glass transition temperature Tg. Annealingwas implemented
at this temperature for 2 hours in order to minimize mechanical stress
resulting from thermal gradients upon cooling. Theﬁnal glasswas slow-
ly cooled to room temperature and polished for characterizations. Crys-
tallized sampleswere obtained by heat-treatment of the precursor glass
at the crystallization temperature Tc during 2 hours.
DSC experiments were performed on powder glass samples in a DSC
Q20 from TA Instruments in aluminum pans under N2 atmosphere at a
constant rate of 10 °C/min. The estimated error on the temperature is
±2 °C for glass transition, onset of crystallization and melting which
are obtained from tangents intersection and ±1 °C for the position of
the crystallization peak which is determined by the temperature at
the top of the peak. X-ray diffraction measurements were carried out
with a Rigaku Ultima IV diffractometer using Cu Kα radiation. The 2θ in-
vestigation regionwas in the range of 5–70°with a step size of 0.05° and
a step time of 1 s. FTIR spectra were obtained at room temperature be-
tween 250 cm−1 and 1800 cm−1 using a Shimadzu Prestige spectro-
photometer on powder glass samples diluted in CsI pellets with a
resolution of 4 cm−1. Raman spectra were collected at room tempera-
ture on glass samples between 100 cm−1 and 2000 cm−1 using a
Horiba Jobin-Yvon HR800 instrument working with a He–Ne laser at
632,8 nm and a spectral resolution of 1 cm−1.
3. Results
Raman spectrum and diffraction pattern of the product obtained
after solid-state reaction between (NH4)2HPO4 and PbO are presented
in Figs. 1 and 2 respectively. The Raman spectrum in Fig. 1 is dominated
by two intense and sharp bands at 1180 cm−1 and 680 cm−1. X-ray dif-
fraction patterns of theﬁnal product and crystalline references Pb(PO3)2
(ICSD 16604) shown in Fig. 2 exhibit diffraction peaks at the same 2θ
values.
The glassy or crystalline nature of samples obtained by the melt-
quenchingmethod in the binary system TeO2–Pb(PO3)2 has been inves-
tigated from their visual aspect and by thermal analysis and X-ray dif-
fraction. Samples with apparent transparency, exhibiting a glass
transition by thermal analysis and with a lack of diffraction peaks,Table 1
Nominal compositions, characteristic temperatures and thermal stability parameters for
glass samples in the binary system TeO2–Pb(PO3)2.
Samples Molar
concentration
Characteristic
temperatures (ºC)
Thermal
stability
parameter
TeO2 Pb(PO3)2 Tg Tx Tc1 Tc2 Tx–Tg
100Pb 0 100 325 ± 2 385 ± 2 421 ± 1 – 60 ± 4
10Te90Pb 10 90 332 ± 2 386 ± 2 401 ± 1 430 ± 1 54 ± 4
20Te80Pb 20 80 342 ± 2 420 ± 2 492 ± 1 – 78 ± 4
30Te70Pb 30 70 350 ± 2 415 ± 2 451 ± 1 – 65 ± 4
50Te50Pb 50 50 366 ± 2 500 ± 2 515 ± 1 – 134 ± 4
60Te40Pb 60 40 362 ± 2 475 ± 2 512 ± 1 – 113 ± 4
70Te30Pb 70 30 355 ± 2 463 ± 2 489 ± 1 – 108 ± 4
90Te10Pb 90 10 335 ± 2 434 ± 2 457 ± 1 515 ± 1 99 ± 4
95Te5Pb 95 5 324 ± 2 389 ± 2 410 ± 1 515 ± 1 65 ± 4were classiﬁed as glasses. Glasses could be obtained between the com-
positions 100Pb(PO3)2 and 5Pb(PO3)2–95TeO2. X-ray diffraction pat-
terns of these compositions exhibit only a diffraction halo without any
diffraction peaks andDSC curves allowed to determine a glass transition
temperature, onset of crystallization and crystallization temperature for
each sample as shown in Fig. 3. These characteristic temperatures are
presented in Table 1 together with nominal compositions. As can be
seen from these thermal data, both glass transition temperatures and
thermal stability increase from 100%Pb(PO3)2 to 50Pb(PO3)2–50TeO2
and then decrease for higher TeO2 concentrations.
FTIR spectra of crystalline precursors TeO2 and Pb(PO3)2 as well as
glass samples presented in Fig. 4 are dominated by several absorption
bands whose intensities are dependent of the glass composition. The
ﬁrst series of infrared absorption bands centered at 530 cm−1,
925 cm−1 and 1230 cm−1 both decrease in intensity with increasing
TeO2 content. On the other hand, another series of infrared bands cen-
tered at 760 and 700 cm−1 progressively appear for higher TeO2 con-
centrations. Finally, another band at 630 cm−1 is observed in the
crystalline reference TeO2 and for glasses containing more than
40 mol% of TeO2. These infrared band evolutions will be discussed and
interpretated in detail in Discussion.Fig. 2. X-ray diffraction patterns of crystallines references Pb(PO3)2 and of the product
obtained from solid-state reaction between (NH4)2HPO4 and PbO at 400 ºC.
Fig. 3. DSC curves of glass samples in the binary system TeO2–Pb(PO3)2.
Fig. 5. Raman spectra of glass samples in the binary system TeO2–Pb(PO3)2.
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composition and are helpful to investigate vitreous structural changes.
Like for infrared spectra, Raman bands can be analyzed in three distinct
series. The ﬁrst series of Raman bands centered at 470 and 660 cm−1
appear and increase in intensity with TeO2 content in the phosphate
glass. The second series of bands centered at 1155 and 1200 cm−1 pro-
gressively decrease for higher TeO2 contents. Finally, a broad band at
660 cm−1 exhibits a singular behavior since it apparently decreases
with TeO2 content in phosphate-rich glasses but increases again in sam-
ples with TeO2 concentrations higher than 60 mol%. These Raman band
evolutions with be discussed and interpretated in detail in Discussion.
Finally, glass samples were heat-treated at their crystallization
temperatures for 2 hours and the resulted samples analyzed by X-
ray diffraction as shown in Fig. 6. The diffraction patterns obtained
for each crystallized sample were analyzed using the SearchMatch
software and ICSD database and the crystalline phases present in
these samples identiﬁed. As shown from Fig. 6, samples with higher
TeO2 content exhibit a TeO2 paratellurite crystalline phase. For interme-
diate TeO2 concentrations (70% and 50%), the dominant crystalline
phase is the lead pyrophosphate Pb2P2O7. Finally, lead metaphosphate
crystalline compounds with shorter and longer metaphosphate chainsFig. 4. FTIR spectra of glass samples in the binary system TeO2–Pb(PO3)2.(Pb3P4O13 and Pb(PO3)2 respectively) are obtained in samples with
lower TeO2 contents (30% and 10% respectively). These results will be
helpful in the discussion part to infer the glass structural evolution
with composition.4. Discussion
As shown from Figs. 1 and 2, Pb(PO3)2 was successfully prepared
from solid-state reaction of (NH4)2HPO4 and PbO at 400 ºC for
2 hours. The intense Raman bands at 680 cm−1 and 1180 cm−1 were
attributed to symmetric stretching modes of bridging P―O bonds in
P―O―P linkages and symmetric stretching modes of terminal P―O
bonds in Q2 metaphosphate tetrahedra (PO4 with two terminal P―O
bonds and two bridging P―O―P bonds) respectively [14,15]. These
Raman bands are characteristic of metaphosphate linear chains and
are in agreement with the formation of Pb(PO3)2. X-ray diffraction pat-
tern of the ﬁnal product is also compared with crystalline referenceFig. 6. X-ray diffraction patterns of crystallized glass samples in the binary system
TeO2–Pb(PO3)2: (a) 95Te5Pb, (b) 90Te10Pb, (c) 70Te30Pb, (d) 50Te50Pb, (e) 30Te70Pb,
(f) 10Te90Pb and identiﬁcation of the dominant crystalline phase.
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peak positions also agree with the formation of crystalline lead meta-
phosphate Pb(PO3)2.
Glass compositions could be obtained along the binary system
TeO2–Pb(PO3)2 from 5 mol% of Pb(PO3)2 to 100% of Pb(PO3)2. The vit-
reous state of these compositions obtained by melt-quenching was
ﬁrst checked from visual aspect (transparency) and was also con-
ﬁrmed by the lack of X-ray diffraction peaks and identiﬁcation of a
glass transition for all samples (Fig. 3). The non-crystalline structure
together with a glass transition temperature is in agreement with the
most commonly accepted deﬁnition of the vitreous state proposed
by Zarzycki in 1991 [16]. This binary system exhibits a very large vitre-
ous domain from 95 mol% of TeO2 to 100 mol% of Pb(PO3)2. This is the
main reason of this study since it should be interesting to understand
the effect of TeO2 incorporation in ametaphosphate glass in a large ex-
tent from dominantly phosphate glass compositions to dominantly
tellurite glass compositions on thermal and structural properties.
The results were interpretated considering the incorporation of
paratellurite α-TeO2 in a lead metaphosphate Pb(PO3)2-based glass
matrix.
Thermal propertieswere extracted from theDSC curves presented in
Fig. 3 and characteristic temperatureswere resumed in Table 1. The ﬁrst
important information obtained from these data is the non-linear vari-
ation of the glass transition temperature with a progressive increase of
the Tg temperatures with TeO2 incorporation in the metaphosphate
network up to 50 mol% and further decrease for higher TeO2 contents.
A similar tendency is observed for the glass thermal stability against
devitriﬁcation measured by Tx–Tg values. Such thermal behavior of
glasses with composition suggests structural changes that must be sep-
arately described in the 100%–50% Pb(PO3)2 and 50%–0% Pb(PO3)2
ranges. A ﬁrst general statement is that higher Tg and Tx–Tg values
are often related with an increase in the network connectivity and
bond strength with a resulting higher viscosity. On the other hand,
lower Tg and Tx–Tg values can be due to lower connectivities of the co-
valent network resulting in lower viscosities or by the presence of crys-
tallization nuclei in the glass network.
FTIR absorption spectra of the glass samples obtained on CsI pellets
pointed out general structural changes with TeO2 incorporation in the
lead metaphosphate glass network. Absorption bands at 760 cm−1
and 700 cm−1 were already reported in TeO2-containing materials
and are attributed to stretching vibrations of Te-O bonds in TeO3 + 1
and TeO3 units respectively, suggesting a progressive conversion of
TeO4 to TeO3 tellurite polyhedra in the glass network [17]. For samples
with higher TeO2 contents (N40 mol%), another absorption band at
630 cm−1 due to TeO4 units is observed indicating the presence of
both TeO3 and TeO4 in these compositions [18]. The absorption bands
centered at 530 cm−1, 925 cm−1 and 1230 cm−1 attributed to defor-
mation of the PO4 tetrahedra, asymmetric stretchings of P-O-P linkages
and asymmetric stretching of terminal P―O bonds in Q2 metaphos-
phate units respectively decrease in intensity with increasing TeO2 con-
tent, suggesting a depolymerization of themetaphosphate chainswith a
possible insertion of TeOn units through P―O―Te bonds.
Raman spectra of crystalline references α-TeO2 and Pb(PO3)2 were
also compared with glass samples and support previous structural ten-
dencies suggested by FTIR spectroscopy. Incorporation of TeO2 in the
lead metaphosphate-based glass results in a new Raman band centered
at 770 cm−1 and commonly attributed to TeO3 units, supporting the
previous hypothesis of TeO4 conversion to TeO3 for low TeO2 concentra-
tions [19]. Another series of Raman bands at 1155 cm−1 and1200 cm−1
attributed to symmetric and asymmetric stretching vibrations of P―O
terminal bond in Q2 tetrahedra also decrease in intensitywith increasing
TeO2 content which is in agreement with a break or modiﬁcation of the
metaphosphate chains [18]. The chemical nature of Te and well-known
glass former behavior due to covalency with oxygen suggests that it be-
haves as an intermediary of the phosphate network with the formation
of P―O―Te bonds. Finally, another Raman band at 660 cm−1 ﬁrstdecreases with TeO2 addition and further increases for higher TeO2 con-
tents. Based on Raman spectra of crystalline references α-TeO2 and
Pb(PO3)2, both symmetric stretchings of P―O―P and Te―O bond in
TeO4 units are observed in this region, explaining that the unusual be-
havior of this band is related with the break of P―O―P bonds with
TeO2 addition and appearance of TeO4 seesaws for higher TeO2 contents
[20,21].
These spectroscopic results allowed to picture a structural model in
which the addition of TeO2 in a lead metaphosphate glass results in the
conversion of TeO4 seesaws present in α-TeO2 in trigonal pyramids
TeO3 which are inserted inside the metaphosphate chains resulting in
the conversion of original Q2 tetrahedra (PO4 units with two P―O ter-
minal bond and two P―O―P bonds) in Q21Te tetrahedra (PO4 units
with two P―O terminal bonds, one P―O―P bond and one P―O―Te
bond). TeO3 acts as a network intermediary and probably cross-links
the modiﬁed phosphate chains resulting in a higher glass connectivity
and higher glass transition temperature. According to this model, for
TeO2 concentrations lower than 50 mol%, the glass network is mainly
constituted of Q2, Q21Te and TeO3 structural units. When the TeO2 con-
tent reaches 50 mol%, all Q2 were converted to Q21Te and the glass net-
work is built up of Q21Te and TeO3. For higher TeO2 contents, the
identiﬁcation by vibrational spectroscopies of TeO4 units means that
the additional Te atoms are not any more converted to TeO3 and
inserted between the phosphate tetrahedra and thus, Q22Te units (PO4
tetrahedra with two terminal P―O bonds and two bridging P―O―Te
bond) are not formed in the glass system. Instead of that, additional
Te atoms are present in the network as TeO4 which do not link to the
phosphate chains and probably form TeO4-rich regions which lower
the glass transition temperature and may act as nuclei for devitriﬁca-
tion, agreeing with the decrease observed for thermal stability Tx–Tg.
In these TeO2-rich compositions, the glass network is mainly constitut-
ed of Q21Te, TeO3 and TeO4 units.
The identiﬁcation of crystallines phases obtained after heat-
treatment of the precursor glasses are used as a picture of the original
vitreous network and also support our structural model. For sample
10Te90Pb in which the P/Te ratio is 18/1, it has been proposed that Te
are inserted as TeO3 inside the metaphosphate network, which is in
agreement with the crystallization of long chain lead metaphosphate
Pb(PO3)2 (Fig. 6f). In the case of sample 30Te70Pb with a P/Te ratio of
14/3 ≈ 4, our structural model predicts covalent chains of TeO3 and
PO4 with approximately one TeO3 betweenmetaphosphate chains con-
stituted of four PO4, which is in good agreementwith the crystallization
of short chain lead metaphosphate Pb3P4O13 (Fig. 6e). As explained be-
fore, the glass sample 50Te50Pb with a P/Te ratio of 2/1 is built-up of
mixed covalent chains of TeO3 and PO4 with regular sequences of one
TeO3 and two PO4. In other words, the TeO3 pyramids are separated
by pyrophosphate units, explaining the preferential crystallization of
lead pyrophosphate Pb2P2O7 (Fig. 6d). This crystallization study has
been especially useful to support our structural hypothesis proposed
for sampleswith TeO2 contents higher than 50 mol%. In fact, the crystal-
lized sample 70Te30Pbwith a P/Te ratio of 6/7 exhibits the same crystal-
line lead pyrophosphate Pb2P2O7 (Fig. 6c) indicating that the glass
structure is also constituted of pyrophosphate units (sequences of two
covalently bonded PO4 tetrahedra). For these compositions, the addi-
tional Te atoms beyond the P/Te ratio of 2/1 are not able to break the
pyrophosphate units but are preferentially inserted between the phos-
phate chains as TeO4. Finally, for glass samples 90Te10Pb and 95Te5Pb
where it has been proposed the existence of TeO4-rich regions between
the phosphate chains, the ﬁrst crystalline phase to precipitate is in fact
α-TeO2 which is also made of TeO4 seesaws linked by their corners
(Fig. 6a and b).
5. Conclusion
Crystalline lead metaphosphate Pb(PO3)2 was successfully pre-
pared from solid-state reaction of (NH4)2HPO4 and PbO at 400 ºC
184 C. Pereira et al. / Journal of Non-Crystalline Solids 379 (2013) 180–184for 12 hours. Transparent and homogeneous glasses were obtained
in the pseudo-binary system (100 − x)TeO2–xPb(PO3)2 with x vary-
ing from 5 to 100. Thermal analysis by DSC pointed out that both
glass transition temperatures and glass thermal stability against de-
vitriﬁcation increase from x = 5 to x = 50 and further decrease for
higher TeO2 contents. FTIR and Raman spectroscopies were used to-
gether with X-ray diffraction of crystallized glass samples to suggest
a structural evolution with respect to the composition. Incorporation
of TeO2 in the lead metaphosphate glass converts TeO4 seesaw units
to trigonal pyramids TeO3 with the consequent conversion of Q2
phosphate units (PO4 tetrahedra with two terminal P-O bonds and
two bridging P―O―P bonds) to Q21Te units (PO4 tetrahedra with
two terminal P―O bonds, one bridging P―O―P bond and one bridg-
ing P―O―Te bond). These TeO3 units inserted in the phosphate net-
work cross-link the linear phosphate chains, resulting in higher glass
transition temperatures and glass thermal stabilities. For TeO2 con-
tents higher than 50 mol%, every Q2 units were converted to Q21Te
and the additional Te atoms are incorporated in the glass network
through TeO4 seesaws with rich TeO2 regions in the phosphate
glass network. This new structure results in lower glass transition
temperatures and glass thermal stability since these TeO4 clusters
can act as crystallization nuclei for TeO2 precipitation. Finally, it has
been concluded that both phosphate glasses with tellurite crystalline
phase or tellurite glasses with phosphate crystalline phase can be
prepared in this system with related speciﬁc potential applications.Acknowledgments
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